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ondary battery including a carbon based hybrid negative
electrode, where the carbon based hybrid negative electrode
comprises a carbon based negative electrode active material
and a non-carbon based negative electrode active material,
measuring a lattice d-spacing of the carbon based negative
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electrode during charging/discharging of the secondary bat-
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of a change in lattice d-spacing value as a function of
charge/discharge capacity, detecting an inflection point of a
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capacity contribution of the carbon based negative electrode
active material and the non-carbon based negative electrode
active material in the total discharge capacity of the sec-
ondary battery by the inflection point of the slope of the
graph.
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FIG. 3a
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QUANTITATIVE ANALYSIS METHOD OF
CARBON BASED HYBRID NEGATIVE
ELECTRODE

TECHNICAL FIELD

The present disclosure relates to a quantitative analysis
method of a carbon based hybrid negative electrode.

The present application claims the benefit of Korean
Patent Application No. 10-2019-0139764 filed on Now. 4,
2019 with the Korean. Intellectual Property Office, the
disclosure of which is incorporated herein by reference in its
entirety.

BACKGROUND ART

Recently, with the rapid growth of the market of electric
vehicles, robots and energy storage systems, there is a
demand for secondary batteries with high energy density,
stability, compactness, lightweight and long service life. For
large scale applications, it is important to improve the
performance of the secondary batteries for higher energy
density per weight or volume than the current level of energy
density.

Graphite is a negative electrode active material of cur-
rently available lithium ion batteries, and it has the limited
theoretical capacity of 372 mAh/g (about 160 Wh/kg). As a
next-generation negative electrode material of nonaqueous
electrolyte secondary batteries, attention is directed to sili-
con (Si) having the capacity (4200 mAh/g) that is at least 10
times higher than that of graphite. Additionally, it has been
proposed to use a variety of non-carbon based materials
including silicon showing high theoretical capacity when
forming alloy with lithium, as a new material for the
negative electrode active material, in place of carbon based
materials such as graphite.

However, Si-based materials may cause cracks in the
electrode and on the electrode surface and splitting failures
of the active material due to the high volume expansion rate
during alloying with lithium, resulting in the electrical
contact reduction and sharp reduction in cycle capacity of
secondary batteries. To solve the problem of the Si-based
materials, many attempts have been made to apply a hybrid
negative electrode including a mixture of non-carbon based
materials such as Si-based materials and carbon based
materials.

To improve the battery performance by increasing the
energy density of the secondary battery comprising the
hybrid negative electrode, it is necessary to perform analysis
and degradation diagnosis for each of the carbon based
material and the non-carbon based material of the hybrid
negative electrode in the lithiation and delithiation behaviors
of lithium ions during the charge/discharge of the secondary
battery.

DISCLOSURE
Technical Problem

The present disclosure is directed to providing a quanti-
tative analysis method of a carbon based hybrid negative
electrode.

These and other objects and advantages of the present
disclosure will be understood by the following description.
Meanwhile, it will be easily understood that the objects and
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2

advantages of the present disclosure may be realized by the
means or method set forth in the appended claims and a
combination thereof.

Technical Solution

To solve the above-described problem of the present
disclosure, according to an aspect of the present disclosure,
there is provided a quantitative analysis method of a carbon
based hybrid negative electrode according to the following
embodiment.

According to a first embodiment, there is provided the
method of quantitatively analyzing a carbon based hybrid
negative electrode comprising preparing a secondary battery
comprising a carbon based hybrid negative electrode,
wherein the carbon based hybrid negative electrode may
comprise a carbon based negative electrode active material
and a non-carbon based negative electrode active material;
measuring a lattice d-spacing of the carbon based negative
electrode active material in the carbon based hybrid negative
electrode during charging/discharging of the secondary bat-
tery using an X-ray diffractometer, plotting a graph of a
change in lattice d-spacing value as a function of charge/
discharge capacity; detecting an inflection point of a slope of
the graph during discharging; and quantifying capacity
contribution of the carbon based negative electrode active
material and the non-carbon based negative electrode active
material in the total discharge capacity of the secondary
battery by the inflection point of the slope of the graph.

According to a second embodiment, in the first embodi-
ment, the discharge capacity after the inflection point may
correspond to the capacity contribution of the non-carbon
based negative electrode active material, and the discharge
capacity before the inflection point may correspond to the
capacity contribution of the carbon based negative electrode
active material.

According to a third embodiment, in the first or second
embodiment, the capacity contribution of the non-carbon
based negative electrode active material in the carbon based
hybrid negative electrode may be quantified by calculating
a ratio of the discharge capacity after the inflection point to
a maximum capacity of the graph.

According to a fourth embodiment, in any one of the first
to third embodiments, when capacity characteristics degrade
as the secondary battery is charged/discharged multiple
times, a change in the inflection point location of the slope
of the graph during charge/discharge after degradation by
the multiple charge/discharge is compared to the inflection
point of the slope of the graph during initial charge/dis-
charge to determine a cause of degradation of the secondary
battery.

According to a fifth embodiment, in any one of the first to
fourth embodiments, as a result of analyzing the inflection
point location of the slope of the graph during charge/
discharge after degradation compared to the inflection point
location of the slope of the graph during initial charge/
discharge, a reduction in capacity from the inflection point
to the maximum capacity may be determined as a degrada-
tion of the carbon based negative electrode active material,
and a reduction in capacity from the inflection point to
capacity 0 may be determined as a degradation of the
non-carbon based negative electrode active material.

According to a sixth embodiment, in any one of the first
to fifth embodiments, the carbon based negative electrode
active material may comprise at least one of natural graphite,
artificial graphite, soft carbon, hard carbon, pitch carbide,
sintered cokes, graphene, or carbon nano tubes.
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According to a seventh embodiment, in any one of the
first to sixth embodiments, the non-carbon based negative
electrode active material may comprise a metal or metalloid
capable of forming an alloy with lithium.

According to an eighth embodiment, in any one of the first
to seventh embodiments, the non-carbon based negative
electrode active material may comprise at least one of a
metal or metalloid selected from Si, Sn, In, Pb, Ga, Ge, Al,
Bi, Sb, Ag, Mg, Zn, Pt, or Ti; an oxide of the metal or
metalloid; a carbon composite of the metal or metalloid; or
a carbon composite of the metal or metalloid oxide.

According to a ninth embodiment, in any one of the first
to eighth embodiments, the non-carbon based negative elec-
trode active material may comprise at least one of Si or SiO_,
wherein 0<x<2.

Advantageous Effects

According to an embodiment of the present disclosure, it
is possible to quantify the main reaction range and capacity
contribution of the non-carbon based material in the singular
behaviors of the non-carbon based material separated from
the combined behaviors of the carbon based material and the
non-carbon based material by observing a change in the
lattice d-spacing of the carbon based material during the
charge and discharge of the full cell secondary battery
comprising the carbon based hybrid negative electrode
including the carbon based material and the non-carbon
based material by the non-destructive analysis method.

Additionally, when the secondary battery comprising the
carbon based hybrid negative electrode degrades, as
opposed to the conventional art that was difficult to find the
cause of the degradation, according to an embodiment of the
present disclosure, it is possible to separately analyze which
is the cause of degradation of the negative electrode, the
carbon based material or the non-carbon based material.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate preferred embodi-
ments of the present disclosure, and together with the
following detailed disclosure, serve to help the understand-
ing of the technical aspect of the present disclosure, and thus
the present disclosure should not be interpreted as being
limited thereto. Meanwhile, the shape, size, scale or propor-
tion of the elements in the drawings may be exaggerated to
put emphasis on clearer description.

FIG. 1 is a graph showing changes in lattice d-spacing of
a carbon based negative electrode active material included in
a carbon based hybrid negative electrode with changes in
capacity during the charge and discharge of a secondary
battery comprising the negative electrode.

FIG. 2a is a graph showing changes in capacity vs voltage
during 0.1 C charge/discharge of a three-electrode secondary
battery (full cell) prepared in preparation example 7.

FIGS. 2b and 2c¢ are graphs showing the profile of a
negative electrode and a positive electrode of FIG. 2a
respectively.

FIG. 3a is a graph showing changes in capacity vs voltage
during 0.33 C charge/discharge of a three-electrode second-
ary battery (full cell) prepared in preparation example 7.

FIGS. 3b and 3¢ are graphs showing the profile of a
negative electrode and a positive electrode of FIG. 3a,
respectively.

FIG. 4 is a graph showing the profile of each negative
electrode of half-coin cell secondary batteries prepared in
preparation examples 4 to 6 with changes in normalized
capacity (%) and voltage.
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FIG. 5 is a photographic image showing a transmission
x-ray diffractometer.

FIG. 6 is a graph showing the scan of (002) lattice
interface peak (260=7.5~11 (Ag A=0.56)) of artificial graphite
in a negative electrode of a secondary battery of preparation
example 2 and lattice d-spacing calculated therefrom.

FIGS. 7a to 7c¢ are graphs showing changes in lattice
d-spacing of artificial graphite included in each negative
electrode with changes in capacity during the charge/dis-
charge of secondary batteries of preparation examples 1 to
3.

FIG. 8 is a graph showing changes in lattice d-spacing of
artificial graphite included in each negative electrode with
changes in normalized capacity during the charge/discharge
of secondary batteries of preparation examples 1 to 3.

DETAILED DESCRIPTION

It should be understood that the terms or words used in the
specification and the appended claims should not be con-
strued as being limited to general and dictionary meanings,
but rather interpreted based on the meanings and concepts
corresponding to the technical aspects of the present disclo-
sure on the basis of the principle that the inventor is allowed
to define the terms appropriately for the best explanation.
Therefore, the configuration shown in the embodiments
described herein is just a most preferred embodiment of the
present disclosure, but not intended to fully describe the
technical aspects of the present disclosure, so it should be
understood that a variety of other equivalents and modifi-
cations could have been made thereto at the time that the
application was filed.

The present disclosure is developed to solve the conven-
tional problem that it is difficult to analyze and diagnose a
degradation in the lithiation and delithiation behaviors for
each of a carbon based material and a non-carbon based
material during the charge/discharge of the carbon based
material and the non-carbon based material in a charging/
discharging environment of a secondary battery comprising
a carbon based hybrid negative electrode.

The present disclosure directly observes the behaviors of
a mixed electrode of a carbon based material and a non-
carbon based material by operando analysis during the
charge/discharge of a secondary battery comprising a carbon
based hybrid negative electrode, by a non-destructive analy-
sis method using a full-cell secondary battery.

A secondary battery using a carbon based negative elec-
trode active material alone does not have competitive lithi-
ation and delithiation of lithium ions in the negative elec-
trode active material. However, in the hybrid negative
electrode condition including both the carbon based negative
electrode active material and the non-carbon based negative
electrode active material, the carbon based negative elec-
trode active material competes with the non-carbon based
negative electrode active material for lithiation and delithi-
ation of lithium ions according to the reaction voltage, and
thus the decelerated accelerated lithiation and delithiation of
lithium ions may be observed.

An increase or decrease in the lattice d-spacing of a
carbon layer of the carbon based negative electrode active
material reflects such a change. Through this, it is possible
to quantify the main reaction range and capacity of the
non-carbon based negative electrode active material in the
behaviors of each of the carbon based negative electrode
active material and the non-carbon based negative electrode
active material in the hybrid negative electrode.
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A quantitative analysis method of a carbon based hybrid
negative electrode according to an aspect of the present
disclosure includes:

preparing a secondary battery comprising a carbon based

hybrid negative electrode comprising a carbon based
negative electrode active material and a non-carbon
based negative electrode active material;

measuring the lattice d-spacing of the carbon based nega-

tive electrode active material in the carbon based
hybrid negative electrode during charging/discharging
of the secondary battery using an X-ray diffractometer,
and plotting a graph of changes in the lattice d-spacing
value as a function of charge/discharge capacity (X
axis); and

quantifying the capacity contribution of the carbon based

negative electrode active material and the non-carbon
based negative electrode active material to the total
discharge capacity of the secondary battery by detect-
ing an inflection point (an inflection point at which the
slope changes from a large value to a small value) of the
slope of the graph during discharging in the plotted
graph.

First, the secondary battery comprising the carbon based
hybrid negative electrode including the carbon based nega-
tive electrode active material and the non-carbon based
negative electrode active material is prepared.

The carbon based hybrid negative electrode refers to a
negative electrode including not only the carbon based
negative electrode active material but also the non-carbon
based negative electrode active material as the negative
electrode active material.

The carbon based negative electrode active material
includes any type of carbon based material that allows
lithiation and delithiation during the charge/discharge of the
battery, and is not limited to a particular type. The carbon
based negative electrode active material may include amor-
phous carbon, crystalline carbon, or a mixture thereof.
Specifically, the carbon based negative electrode active
material may include natural graphite, artificial graphite, soft
carbon, hard carbon, pitch carbide, sintered cokes, graphene,
carbon nano tubes, or at least two thereof. In particular,
graphite is a negative electrode material commonly in
lithium secondary batteries, and when mixed with silicon to
manufacture an electrode, graphite stably ensures its capac-
ity, has good initial efficiency, and can compensate for low
initial efficiency of a silicon-based negative electrode mate-
rial. Since these advantages contribute to the increase in
initial efficiency of the electrode, graphite-based materials
such as artificial graphite or natural graphite are desirable.

The non-carbon based negative electrode active material
includes any material that can form an alloy with lithium,
and is not limited to a particular type. Specifically, the
non-carbon based negative electrode active material may
include a metal or metalloid selected from Si, Sn, In, Pb, Ga,
Ge, Al, Bi, Sb, Ag, Mg, Zn, Pt, Ti or a combination thereof;
an oxide of the metal or metalloid such as SiO_ (0<x<2),
SnO, Sn0O,, TiO,; a carbon composite of the metal or
metalloid; a carbon composite of the metal or metalloid
oxide, or a mixture thereof.

According to an embodiment of the present disclosure,
the non-carbon based negative electrode active material may
include Si, SiO, (0<x<2) or a mixture thereof.

The carbon based hybrid negative electrode according to
an embodiment of the present disclosure may be prepared by
coating a mixture of the negative electrode active material
including the carbon based negative electrode active mate-
rial and the non-carbon based negative eclectrode active
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material, a conductive material and a binder on a negative
electrode current collector and drying, and if necessary, the
mixture may further include fillers.

In an embodiment of the present disclosure, the current
collector is generally 3 to 500 um in thickness. The current
collector may include, without limitation, any type having
high conductivity while not causing a chemical change to
the corresponding battery, and for example, stainless steel,
aluminum, nickel, titanium, sintered carbon, or aluminum or
stainless steel surface-treated with carbon, nickel, titanium
and silver. They may be appropriately selected and used
depending on the polarity of the positive electrode or the
negative electrode.

The binder helps the bonding between the active material
and the conductive material and the bonding to the current
collector, and is generally added in an amount of 1 to 50
weight % based on the total weight of the electrode material.
The binder may include high molecular weight polyacry-
lonitrile-acrylic acid copolymer, but is not limited thereto. In
another example, the binder may include polyvinylidene
fluoride, polyvinylalcohol, carboxymethylcellulose (CMC),
starch, hydroxypropylcellulose, regenerated cellulose, poly-
vinylpyrrolidone, tetrafluoroethylene, polyethylene, poly-
propylene, ethylene-propylene-diene ter polymer (EPDM),
sulfonated EPDM, styrene-butadiene rubber (SBR), poly-
acrylate, alkali cation or ammonium ion substituted poly-
acrylate, alkali cation or ammonium ion substituted poly
(alkylene-co-maleic anhydride), alkali cation or ammonium
ion substituted poly(alkylene-co-maleic acid), polyethylene
oxide, fluorine rubber, or a mixture thereof. More specifi-
cally, the alkali cation substituted polyacrylate may include
lithium-polyacrylate (Li-PAA), and the alkali cation substi-
tuted poly(alkylene-co-maleic anhydride) may include
lithium substituted polyisobutylene-maleic anhydride.

The conductive material may include any type of material
that does not cause a chemical change to the battery, and for
example, graphite such as natural graphite or artificial graph-
ite; carbon black such as carbon black, acetylene black,
ketjen black (trade name), carbon nano tubes, carbon nano
fiber, channel black, furnace black, lamp black, thermal
black, conductive fiber such as carbon fiber or metal fiber,
metal powder such as fluorocarbon, aluminum, nickel pow-
der; conductive whiskers such as zinc oxide, potassium
titanate, conductive metal oxide such as titanium oxide;
conductive materials such as polyphenylene derivatives.

According to an embodiment of the present disclosure,
when preparing the negative electrode by coating the mix-
ture of the negative electrode active material including the
carbon based negative electrode active material and the
non-carbon based negative electrode active material, the
conductive material and the binder on the negative electrode
current collector, the negative electrode may be prepared by
a dry method of directly coating a solid mixture including
the negative electrode active material, the conductive mate-
rial and the binder, and a wet method of adding the negative
electrode active material, the conductive material and the
binder to a dispersion medium, stirring, coating in the form
of a slurry and drying to remove the dispersion medium. In
this instance, the dispersion medium used in the wet method
may include an aqueous medium such as water (deionized
water), or an organic medium such as N-methyl-2-pyrroli-
done (NMP) and acetone.

According to an embodiment of the present disclosure,
the structure of the negative electrode may be a single layer
structure including the carbon based negative electrode
active material and the non-carbon based negative electrode
active material, a double layer structure in which a layer
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including the carbon based negative electrode active mate-
rial alone as the active material and a layer including the
non-carbon based negative electrode active material alone
are separately formed and stacked, or a structure in which at
least one of a layer including the carbon based negative
electrode active material alone as the active material or a
layer including the noncarbon based negative electrode
active material alone may be stacked in multiple layers in an
alternating manner.

The secondary battery according to an embodiment of the
present disclosure includes the carbon based hybrid negative
electrode, a positive electrode, and a separator interposed
between the positive electrode and the negative electrode.

The positive electrode may be prepared by coating a
mixture of a positive electrode active material, a conductive
material and a binder on a positive electrode current collec-
tor and drying, and if necessary, the mixture may further
include fillers. The positive electrode active material may
include layered compounds such as lithium cobalt oxide
(LiC00,), lithium nickel oxide (LiNiO,) or compounds with
one or more transition metal substitution; lithium manganese
oxide of Li,,.Mn, O, (x=0~0.33), LiMnO;, LiMn,O;,
LiMnO.,; lithium copper oxide (Li,Cu0O,); vanadium oxide
such as LiV;04, LiFe 0,, V,0,, Cu,V,0,; Ni-site type
lithium nickel oxide represented by formula LiNi,  MxO,
(M=Co, Mn, Al, Cu, Fe, Mg, B or Ga, x=0.01~0.3); lithium
manganese composite oxide represented by formula
LiMn,_ M, O, (M=Co, Ni, Fe, Cr, Zn or Ta, x=0.01~0.1) or
Li,Mn;MO,; (M=Fe, Co, Ni, Cu or Zn); LiMn,0O, with
partial substitution of alkali earth metal ion for Li in For-
mula; disulfide compounds; and Fe,(MoQ,);, but is not
limited thereto.

For the conductive material, the current collector and the
binder of the positive electrode, reference may be made to
the above description of the negative electrode.

The separator is interposed between the positive electrode
and the negative electrode, and includes an insulating thin
film having high ion permittivity and mechanical strength.
The separator generally has a pore size 0 0.01 to 10 um, and
is generally 5 to 300 pm in thickness. The separator includes,
for example, a film, a sheet or a non-woven fabric made of
olefin-based polymer with chemical resistance and hydro-
phobic property such as polypropylene; glass fibers or
polyethylene. Meanwhile, the separator may further include
a porous layer including a mixture of inorganic particles and
a binder resin on the outermost surface.

In an embodiment of the present disclosure, an electrolyte
solution includes an organic solvent and a predetermined
amount of lithium salt, and the organic solvent includes, for
example, propylene carbonate (PC), ethylene carbonate
(EC), butylene carbonate (BC), diethylcarbonate (DEC),
dimethylcarbonate (DMC), dipropylcarbonate (DPC),
methyl propionate (MP), dimethylsulfoxide, acetonitrile,
dimethoxyethane, diethoxyethane, tetrahydrofurane,
N-methyl-2-pyrrolidone  (NMP), ethylmethylcarbonate
(EMC), vinylenecarbonate (VC), gamma butyrolactone
(GBL), fluoroethylene carbonate (FEC), methyl formate,
ethyl formate, propyl formate, methyl acetate, ethyl acetate,
propyl acetate, pentyl acetate, ethyl propionate, butyl pro-
pionate, or a mixture thereof. Halogen derivatives of the
organic solvent may be used, and linear esters may be used.
The lithium salt may include materials that dissolve well in
the nonaqueous electrolyte, and for example, LiCl, LiBr, Lil,
LiClO,, LiBF,, LiB,.Cl,,, LiPF,, LiCF;SO;, LiCF;CO,,
LiAsFg, LiSbF4, LiAlCl,, CH;SO;Li, (CF;S0,),NLij,
chloro borane lithium, lower aliphatic carboxylic acid
lithium, lithium tetraphenyl borate and imide.
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The secondary battery according to an embodiment of the
present disclosure may be manufactured by receiving an
electrode assembly including the positive electrode and the
negative electrode stacked in an alternating manner together
with the separator in a packaging such as a battery case
together with the electrolyte solution, followed by sealing. A
method for manufacturing the secondary battery may
include any common method without limitation.

According to an embodiment of the present disclosure,
there are provided a battery module including the secondary
battery as a unit cell and a battery pack including the same.
As the battery module and the battery pack include the
secondary battery showing rapid charge characteristics at
high loading, they may be used as a power source of electric
vehicles, hybrid electric vehicles, plug-in hybrid electric
vehicles and energy storage systems.

Meanwhile, for battery components not described herein,
for example, a conductive material, reference may be made
to the description of components commonly used in the field
of batteries, especially, lithium secondary batteries.

Subsequently, the lattice d-spacing of the carbon based
negative electrode active material in the carbon based hybrid
negative electrode is measured during the charge/discharge
of the secondary battery using an X-ray diffractometer, and
a graph of changes in lattice d-spacing value as a function of
the charge/discharge capacity (X axis) is plotted.

According to an embodiment of the present disclosure,
during the charge/discharge of the secondary battery, scan-
ning may be performed while tracking (002) lattice interface
peak (26=7.5~11 (Ag 2=0.56)) of the carbon based negative
electrode active material (for example, graphite) included in
the carbon based hybrid negative electrode of the secondary
battery. The lattice d-spacing of the carbon based negative
electrode active material may be calculated by fitting the
(002) lattice interface peak of the carbon based negative
electrode active material included in the negative electrode
obtained by scanning (for details of an example of applica-
tion, see FIG. 5).

Subsequently, the capacity contribution of the carbon
based negative electrode active material and the non-carbon
based negative electrode active material to the total dis-
charge capacity of the secondary battery is quantified by
detecting an inflection point (an inflection point at which the
slope changes from a large value to a small value) of the
slope of the graph during discharging in the plotted graph.

The discharge capacity (moderate slope) after the inflec-
tion point may correspond to the capacity contribution of the
non-carbon based negative electrode active material, and the
discharge capacity (steep slope) before the inflection point
may correspond to the capacity contribution of the carbon
based negative electrode active material.

Referring to FIG. 1, the discharge capacity (moderate
slope) after the inflection point, i.e., the capacity contribu-
tion of the non-carbon based negative electrode active
material may be a (mAh), and the discharge capacity (steep
slope) before the inflection point, i.e., the capacity contri-
bution of the carbon based negative electrode active material
may be b-a (mAh).

Accordingly, the capacity contribution of the non-carbon
based negative electrode active material in the carbon based
hybrid negative electrode may be quantified by calculating
a ratio (a/c) of the discharge capacity (a) after the inflection
point to the maximum capacity (c) in the graph.

When the capacity characteristics degrade with the in
creasing charge/discharge cycles of the secondary battery,
determination may be de as to which is the degradation
cause of the secondary battery, the carbon based negative
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electrode active material or the non-carbon based negative
electrode active material, through a change in the inflection
point location of the slope of the graph during charging/
discharging after degradation with the increasing charge/
discharge cycles compared to the inflection point location of
the slope of the graph during initial charge/discharge.

As a result of analyzing the inflection point location of the
slope of the graph during charging/discharging after degra-
dation compared to the infection point location of the slope
of the graph during initial charge/discharge, when compar-
ing with the graph during initial charge/discharge, a reduc-
tion in capacity from the inflection point to the maximum
capacity (B+C=(B: steep slope)+(C: plateau) in FIG. 1), i.e.,
a reduction c-a [=(b-a)+(c-b)], may be determined as a
degradation of the carbon based negative electrode active
material, and a reduction in capacity from the inflection
point to capacity 0 (A (moderate slope) in FIG. 1), ie., a
reduction in a, may be determined as a degradation of the
non-carbon based negative electrode active material.

That is, the range from the inflection point to the maxi-
mum capacity corresponds to the capacity contribution of
the carbon based negative electrode active material, and the
range from the inflection point to capacity O corresponds to
the capacity contribution of the non-carbon based negative
electrode active material. Accordingly, the reduction from
the inflection point to the maximum capacity indicates a
reduction in the capacity contribution of the carbon based
negative electrode active material, and it may be determined
as a degradation of the carbon based negative electrode
active material. Likewise, the reduction from the inflection
point to capacity O indicates a reduction in the capacity
contribution of the non-carbon based negative electrode
active material, and it may be determined as a degradation
of the non-carbon based negative electrode active material.

Hereinafter, to help the understanding of the present
disclosure, the present disclosure will be described in detail
through the following preparation examples and experimen-
tal examples. However, the preparation examples and
experimental examples according to an embodiment of the
present disclosure may be modified in many different forms,
and the scope of the present disclosure should not be
interpreted as being limited to the following preparation
examples and experimental examples. The preparation
examples and experimental examples of the present disclo-
sure are provided to help those having ordinary skill in the
art to understand the present disclosure fully and completely.

Preparation Example 1

<Preparation of Negative Electrode: Artificial Graphite
Single Layer Structure>

A mixture of artificial graphite as a carbon based active
material, a binder polymer (styrene-butadiene rubber (SBR)
and carboxymethyl cellulose (CMC)) and carbon black as a
conductive material at a weight ratio of 95:3.5:1.5 is mixed
with water as a dispersion medium at a weight ratio of the
mixture and the dispersion medium of 1:2 to prepare an
active material layer slurry. In this instance, a weight ratio of
the styrene-butadiene rubber (SBR) and the carboxymethyl
cellulose (CMC) is 2.3:1.2.

Using a slot die, the active material layer slurry is coated
on one surface of a copper (Cu) film as a 10 um thick
negative electrode current collector, and dried under 1.30°
C. vacuum for 1 hour to form an active material layer on the
copper film.

The active material layer is roll pressed to prepare a
negative electrode having 80 um thick active material layer
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of single layer structure. In this instance, a loading amount
is 17 mg/cm? based on the dry weight of the negative
electrode active material layer.

<Preparation of Positive Electrode>

Li(Ni, ¢Mn, ,Co, ;)O,(NCM-811) as a positive electrode
active material, carbon black as a conductive material and
polyvinylidene fluoride (PVdF) as a binder are added to
N-methylpyrrolidone (NMP) as a solvent at a weight ratio of
96:2:2 to prepare a positive electrode active material slurry.
The slurry is coated on one surface of a 15 um thick
aluminum current collector, and dried and pressed in the
same condition as the negative electrode to prepare a posi-
tive electrode. In this instance, a loading amount is 20
mg/cm? based on the dry weight of the positive electrode
active material layer.
<Preparation of Lithium Secondary Battery>

LiPF, is dissolved in an organic solvent of ethylene
carbonate (EC), propylenecarbonate (PC) and ethylmethyl
carbonate (EMC) mixed at a volume ratio of 3:1:6 such that
the concentration is 1.0M to prepare a nonaqueous electro-
lyte solution.

A polyolefin separator is interposed between the positive
electrode and the negative electrode prepared as above, and
the electrolyte solution is injected to prepare a lithium
secondary battery.

Preparation Example 2

<Preparation of Negative Electrode: Double Layer Struc-
ture of Artificial Graphite Layer/SiO layer (Including 5
Weight % Of SiO Based on the Total Active Material )>

A mixture of artificial graphite as a carbon based active
material, a binder polymer (styrene-butadiene rubber (SBR)
and carboxymethyl cellulose (CMC)) and carbon black as a
conductive material at a weight ratio of 95:3.5:1.5 is mixed
with water as a dispersion medium at a weight ratio of the
mixture and the dispersion medium of 1:2 to prepare a first
active material layer slurry. In this instance, a weight ratio of
the styrene-butadiene rubber (SBR) and the carboxymethyl
cellulose (CMC) is 23:12.

A second active material layer slurry is prepared by the
same method as the first active material layer slurry, except
that artificial graphite is replaced with a non-carbon based
active material, silicon oxide (SiO) having Coulombic effi-
ciency of 80% or more at 0.1C charge/discharge, and the
SiO is included in an amount of 5 weight % based on the
total weight of artificial graphite and SiO.

Using a dual slot die, the first active material layer slurry
is coated on one surface of a copper (Cu) film as a 10 um
thick negative electrode current collector, and subsequently
the second active material layer slurry is coated on the first
active material layer slurry and dried under 130° C. vacuum
for 1 hour to form a first active material layer and a second
active material layer on the copper film.

The first active material layer and the second active
material layer are roll pressed at the same time to prepare a
negative electrode having a 80 um thick double layered
active material layer, A loading amount is 17 mg/cm? based
on the dry weight of the negative electrode active material
layer.
<Preparation of Positive Electrode>

A positive electrode is prepared by the same method as
preparation example 1.
<Preparation of Lithium Secondary Battery>

A nonaqueous electrolyte solution is prepared by the same
method as preparation example 1.
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A polyolefin separator is interposed between the positive
electrode and the negative electrode prepared as above, and
the electrolyte solution is injected to prepare a lithium
secondary battery.

Preparation Example 3

<Preparation of Negative Electrode: Double Layer Structure
of Artificial Graphite Layer/SiO Layer (Including 15 Weight
% of SiO Based on the Total Active Material>

A mixture of artificial graphite as a carbon based active
material, a binder polymer (styrene-butadiene rubber (SBR)
and carboxymethyl cellulose (CMC)), and carbon black as a
conductive material at a weight ratio of 95:3.5:1.5 is mixed
with water as a dispersion medium at a weight ratio of the
mixture acid the dispersion medium of 1:2 to prepare a first
active material layer slurry. In this instance, a weight ratio of
the styrene-butadiene rubber (SBR) and the carboxymethyl
cellulose (CMC) is 2.3:1.2.

A second active material layer slurry is prepared by the
same method as the first active material layer slurry, except
that artificial graphite is replaced with a non-carbon based
active material, silicon oxide (SiO) having Coulombic effi-
ciency of 80% or more at 0.1 C charge/discharge, and the
SiO is included in an amount of 15 weight % based on the
total weight of artificial graphite and SiO.

Using a dual slot die, the first active material layer slurry
is coated on one surface of a copper (Cu) film as a 10 um
thick negative electrode current collector, and subsequently,
the second active material layer slurry is coated on the first
active material layer slurry and dried under 130° C. vacuum
for 1 hour to form a first active material layer and a second
active material layer on the copper film.

The first active material layer and the second active
material layer are roll pressed at the same time to prepare a
negative electrode having a 80 um thick double layered
active material layer. A loading amount is 17 mg/cm? based
on the dry weight of the negative electrode active material
layer.
<Preparation of Positive Electrode>

A positive electrode is prepared by the same method as
preparation example 1.
<Preparation of Lithium Secondary Battery>

A nonaqueous electrolyte solution is prepared by the same
method as preparation example 1.

A polyolefin separator is interposed between the positive
electrode and the negative electrode prepared as above and
the electrolyte solution is injected to prepare a lithium
secondary battery.

Preparation Example 4

<Preparation of Negative Electrode: Negative Electrode of
SiO Single Layer Structure>

A mixture of silicon oxide (SiO) having Coulombic
efficiency of 80% or more at 0.1 C charge/discharge, a
binder polymer (styrene-butadiene rubber (SBR) and car-
boxymethyl cellulose (CMC)) and carbon black as a con-
ductive material at a weight ratio 0£95:3.5:1.5 is mixed with
water as a dispersion medium at a weight ratio of the mixture
and the dispersion medium of 1:2 to prepare an active
material layer slurry. In this instance, a weight ratio of the
styrene-butadiene rubber (SBR) and the carboxymethyl cel-
Iulose (CMC) is 2.3:1.2.

Using a slot die, the active material layer slurry is coated
on one surface of a copper (Cu) film as a 10 um thick
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negative electrode current collector and dried under 130° C.
vacuum for 1 hour to form an active material layer on the
copper film.

The active material layer is roll pressed at the same time
to prepare a negative electrode of SiO single layer structure
having a 80 pum thick active material layer. A loading amount
is 17 mg/cm® based on the dry weight of the negative
electrode active material layer,
<Preparation of Half-Coin Cell Secondary Battery>

A half-coin cell secondary battery is prepared by the same
method as preparation example 4 except that the prepared
negative electrode is used.

Preparation Example 5

<Preparation of Negative Electrode>

A negative electrode of artificial graphite single layer
structure is prepared by the same method as preparation
example 1.
<Preparation of Half-Coin Cell Secondary Battery>

A 0.3 mm thick lithium film is used as a counter electrode,
a polypropylene porous film (30 um, Celgard) is used as a
separator, and an electrolyte solution is prepared by dissolv-
ing LiPF in an organic solvent of ethylene carbonate (EC)
and ethylmethyl carbonate (EMC) mixed at a volume ratio
of 3:7 such that the concentration is 1.0M, and dissolving
fluoroethylene carbonate (FEC) such that the concentration
is 2 weight %. The separator is interposed between the
previously prepared negative electrode and the counter
electrode, and the electrolyte solution is injected to prepare
a 2032 half-coin cell secondary battery having the thickness
of 2 mm and diameter of 32 mm.

Preparation Example 6

<Preparation of Negative Electrode>

A negative electrode of double layer structure of artificial
graphite layer/SiO layer (including 5 weight % of SiO based
on the total active material) is prepared by the same method
as preparation example 2.
<Preparation of Half-Coin Cell Secondary Battery>

A half-coin cell secondary battery is prepared by the same
method as preparation example 4 except that the prepared
negative electrode is used.

Preparation Example 7

<Preparation of Negative Electrode>

A negative electrode of double layer structure of artificial
graphite layer/SiO layer (including 5 weight % of SiO based
on the total active material) is prepared by the same method
as preparation example 2.
<Preparation of Positive Electrode>

Li(Ni, ¢Mn, ,Co, ;)O,(NCM-811) as a positive electrode
active material, carbon black (carbon black) as a conductive
material and polyvinylidene fluoride (PVdF) as a binder are
added to N-methylpyrrolidone (NMP) as a solvent at a
weight ratio of 96:2:2 to prepare a positive electrode active
material slurry. The slurry is coated on one surface of a 15
um thick aluminum current collector, and drying and roll
pressing is performed in the same condition as the negative
electrode to prepare a positive electrode. In this instance, a
loading amount is 20 mg/cm? based on the dry weight of the
positive electrode active material layer.
<Preparation of 3-Electrode Secondary Battery>

LiPF, is dissolved in an organic solvent of ethylene
carbonate (EC), propylenecarbonate (PC) and ethylmethyl
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carbonate (EMC) mixed at a volume ratio of 3:1:6 such that
the concentration is LOM to prepare a nonaqueous electro-
lyte solution.

Subsequently, a reference electrode probe is interposed
between the positive electrode and the separator in a pouch
to prepare a 3-electrode secondary battery to measure a
desired electrode potential while maintaining the configu-
ration of the battery. In this instance, the reference electrode
probe is prepared by coating a lithium titanium compound
(LTO) as a reference electrode material on the lower end of
the reference electrode probe.

(For reference, a needle element material of the reference
electrode probe includes any type of material having no
reactivity with the electrolyte solution or having very low
conductivity without limitation. The needle element itself
may be made of a material that may be used for the reference
electrode, and in some cases, the needle element may be
prepared by coating a material that may be used for the
reference electrode on the lower end of the reference elec-
trode probe).

EXPERIMENTAL EXAMPLE
Experimental Example 1

FIG. 2a shows changes in capacity vs voltage after 0.1 C
charge/discharge of the three-electrode secondary battery
(full cell) prepared in preparation example 7. FIGS. 256 and
2¢ show the profile of the negative electrode and the positive
electrode, respectively, by reading the relative potential to
the full cell potential in FIG. 2a using the reference potential
(1.53V) of LTO as the needle element of the reference
electrode.

Experimental Example 2

FIG. 3a shows changes of capacity vs voltage after 0.33
C charge/discharge of the three-electrode secondary battery
(full cell) prepared in preparation example 7. FIGS. 35 and
3¢ show the profile of the negative electrode and the positive
electrode, respectively, by reading the relative potential to
the full cell potential of FIG. 3a using the reference potential
(1.53V) of LTO as the needle element of the reference
electrode.

Referring to FIGS. 26 and 35, in the negative electrode of
double layer structure of artificial graphite layer/SiO layer
(including 5 weight % of SiO based on the total active
material), it is difficult to separately analyze the behaviors of
each of artificial graphite and SiO. In particular, when high
C-rate is applied as shown in FIG. 34, it is more difficult to
separately analyze.

That is, in the conventional charge/discharge-voltage pro-
file graph as shown in FIGS. 2a to 2¢ and FIGS. 3a to 3¢,
even though the negative electrode and the positive elec-
trode are separately analyzed, it is impossible to determine
how much SiO and graphite contribute to the total capacity
of the batter in the hybrid negative electrode.

Experimental Example 3

In the half-coin cell secondary battery of the SiO single
layer negative electrode prepared in preparation example 4,
the half-coin cell secondary battery of the artificial graphite
single layer negative electrode prepared in preparation
example 5, and the half-coin cell secondary battery of the
negative electrode of double layer structure of the artificial
graphite layer/SiO layer (including 5 weight % of SiO based
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on the total active material) prepared in preparation example
6, the profile with changes in normalized capacity (%) and
voltage for each negative electrode is shown in FIG. 4.

Referring to FIG. 4, it can be seen that it is difficult to
clearly separate and analyze the profile of SiO and graphite
in the profile of the hybrid negative electrode of preparation
example 6.

Experimental Example 4

During the charge/discharge of the secondary batteries of
preparation examples 1 to 3 in the same condition as the
cycle testing, 0.33 CC/CV charge, 0.33 CC discharge, scan-
ning is performed while tracking (002) lattice interface peak
(26=7.5~11 (Ag A=0.56)) of artificial graphite included in
the negative electrode of each secondary battery using the
transmission x-ray diffractometer (Manufacturer: Bruker,
Trade name: D8 Advance) shown in FIG. 5. The lattice
d-spacing of artificial graphite is calculated by fitting the
(002) lattice interface peak of artificial graphite included in
the negative electrodes of preparation examples 1 to 3
obtained by scanning based on the Bragg’s Law.

FIG. 6 is a graph typically showing the scan of (002)
lattice interface peak (260=7.5~11 (Ag A=0.56)) of artificial
graphite in the negative electrode (including 5 weight % of
SiO based on the total active material) of the secondary
battery of preparation example 2 using the X-ray diffracto-
meter, and the lattice d-spacing calculated therefrom.

FIGS. 7a to 7c¢ are graphs showing changes in lattice
d-spacing of artificial graphite included in each negative
electrode with changes in capacity during the charge/dis-
charge of the secondary batteries of preparation examples 1
to 3.

Referring to FIG. 7a, when the negative electrode active
material includes graphite alone like the negative electrode
of preparation example 1, it can be seen that the lattice
d-spacing of graphite uniformly increases during charging,
and reduces along the path during discharging. Since the
lithiation and delithiation of lithium ions in the graphite
lattice takes place without interruption, as the capacity
increases, the lattice d-spacing uniformly increases and then
uniformly decreases.

According to FIG. 7b, it can be seen that in the case of
preparation example 2 using the negative electrode includ-
ing 5 weight % of SiO based on the total amount of the
negative electrode active material of artificial graphite and
SiO, the lattice d-spacing increasing curve during charging
and the lattice d-spacing decreasing curve during discharg-
ing do not match, and there is a difference in path.

FIG. 7b has an inflection point at the discharge capacity
of about 25 mAh in the graph curve during discharging. In
a higher capacity range than the capacity at the inflection
point, changes in graphite lattice are very large with changes
in capacity, and the discharge capacity at that time is
attributed to delithiation of lithium ions in graphite.

Meanwhile, it can be seen that in the lower capacity range
than the capacity at the inflection point, i.e., the discharge
capacity in the range of about 25 to 0 mAh, the lattice
d-spacing of graphite relatively less reduces with changes in
capacity. This discharge capacity range corresponds to a
range reflecting lithiation of lithium ions in SiO, not del-
ithiation of lithium ions in graphite. Accordingly, the capac-
ity contribution of SiO in the secondary battery applied to
the charge/discharge is 25 mAh based on the total discharge
capacity of 160 mAh, i.e., 15.6% (=25/160x100). It can be
seen that this almost matches the theoretical value of con-
tribution of about 15% of the total capacity when SiO is



US 12,163,904 B2

15

included in an amount of 5 weight % based on the total
negative electrode active material of graphite and SiO.
After lithiation of lithium ions in both graphite and SiO
during charging, during discharging, delithiation of lithium
ions in graphite occurs in the higher capacity range than the
capacity at the inflection point, and subsequently, delithia-
tion of lithium ions in SiO occurs in the lower capacity range
than the capacity at the inflection point, and accordingly
even though the capacity changes, the decreasing tendency
of lattice d-spacing of graphite noticeably reduces.
FIG. 7c is a graph showing changes in lattice d-spacing of
graphite as a function of charge capacity in the secondary
battery of preparation example 3 using the negative elec-
trode including 15 weight % of SiO based on the total
amount of the negative electrode active material of artificial
graphite and SiO.
FIG. 7¢ has an inflection point at the discharge capacity of
about 24 mAh in the graph curve during discharging. In the
higher capacity range than the capacity at the inflection
point, the lattice d-spacing of graphite changes and the
capacity also changes. The discharge capacity at that time is
attributed to the delithiation of lithium ions in graphite.
Meanwhile, there is no or little change in graphite lattice
d-spacing in the lower capacity range than the capacity at the
inflection point, i.e., in the discharge capacity range of about
24 to 0 mAh, but nevertheless the capacity changes. During
discharging, delithiation of lithium ions in graphite does not
occur, and delithiation of lithium ions in SiO occurs.
Accordingly, the discharge capacity results from delithiation
of lithium ions in SiO. Based on this, the capacity contri-
bution of SiO in the secondary battery applied to the
charge/discharge is 24 mAh based on the total discharge
capacity of 55 mAh, i.e., 43.6% (=24/55x100). It can be seen
that this almost matches the theoretical value of contribution
of about 45% of the total capacity when SiO is included in
an amount of 15 weight % in the total negative electrode
active material of graphite and SiO.
FIG. 8 is a graph showing changes in lattice d-spacing of
artificial graphite included in each negative electrode with
changes in normalized capacity during the charge/discharge
of the secondary batteries of preparation examples 1 to 3.
At the charge capacity of the secondary battery of prepa-
ration example 3 comprising the carbon based hybrid nega-
tive electrode including 85 weight % of graphite and 15
weight % of SiO, the latter part plateau range of 57~100%,
i.e., 43%, is the capacity value exhibited by SiO. It can be
seen that it snatches the calculated value of FIG. 7c.
At the charge capacity of the secondary battery of prepa-
ration example 2 comprising the carbon based hybrid nega-
tive electrode including 85 weight % of graphite and 5
weight % of SiO, the latter part plateau range of 85-100%,
i.e., 15%, is the capacity value exhibited by SiO. It can be
seen that it matches the calculated value of FIG. 75.
What is claimed is:
1. A method of quantitatively analyzing a carbon based
hybrid negative electrode, comprising:
preparing a secondary battery comprising the carbon
based hybrid negative electrode, wherein the carbon
based hybrid negative electrode comprises a carbon
based negative electrode active material and a non-
carbon based negative electrode active material;

measuring a lattice d-spacing of the carbon based negative
electrode active material in the carbon based hybrid
negative electrode during charging/discharging of the
secondary battery using an X-ray diffractometer,

plotting a graph of a change in lattice d-spacing value as
a function of charge/discharge capacity;
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detecting an inflection point of a slope of the graph during

discharging; and

quantifying capacity contribution of the carbon based

negative electrode active material and the non-carbon
based negative electrode active material in a total
discharge capacity of the secondary battery by the
inflection point of the slope of the graph.

2. The method of quantitatively analyzing the carbon
based hybrid negative electrode according to claim 1,
wherein a discharge capacity after the inflection point cor-
responds to the capacity contribution of the non-carbon
based negative electrode active material, and a discharge
capacity before the inflection point corresponds to the capac-
ity contribution of the carbon based negative electrode
active material.

3. The method of quantitatively analyzing the carbon
based hybrid negative electrode according to claim 1,
wherein the capacity contribution of the non-carbon based
negative electrode active material in the carbon based hybrid
negative electrode is quantified by calculating a ratio of a
discharge capacity after the inflection point to a maximum
capacity of the graph.

4. The method of quantitatively analyzing the carbon
based hybrid negative electrode according to claim 1,
wherein when capacity characteristics degrade as the sec-
ondary battery is charged/discharged multiple times, a
change in the inflection point of the slope of the graph during
charge/discharge after degradation by the multiple charge/
discharge is compared to the inflection point of the slope of
the graph during initial charge/discharge to determine a
cause of degradation of the secondary battery.

5. The method of quantitatively analyzing the carbon
based hybrid negative electrode according to claim 4,
wherein as a result of analyzing the inflection point location
of the slope of the graph during charge/discharge after
degradation compared to the inflection point location of the
slope of the graph during initial charge/discharge, a reduc-
tion in capacity from the inflection point to the maximum
capacity is determined as a degradation of the carbon based
negative electrode active material, and a reduction in capac-
ity from the inflection point to capacity O is determined as a
degradation of the non-carbon based negative electrode
active material.

6. The method of quantitatively analyzing the carbon
based hybrid negative electrode according to claim 1,
wherein the carbon based negative electrode active material
comprises at least one of natural graphite, artificial graphite,
soft carbon, hard carbon, pitch carbide, sintered cokes,
graphene, or carbon nano tubes.

7. The method of quantitatively analyzing the carbon
based hybrid negative electrode according to claim 1,
wherein the non-carbon based negative electrode active
material comprises a metal or metalloid capable of forming
an alloy with lithium.

8. The method of quantitatively analyzing the carbon
based hybrid negative electrode according to claim 1,
wherein the non-carbon based negative electrode active
material comprises at least one of a metal or metalloid
selected from Si, Sn, In, Pb, Ga, Ge, Al, Bi, Sb, Ag, Mg, Zn,
Pt, or Ti; an oxide of the metal or metalloid; a carbon
composite of the metal or metalloid; or a carbon composite
of the metal or metalloid oxide.

9. The method of quantitatively analyzing the carbon
based hybrid negative electrode according to claim 1,
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wherein the non-carbon based negative electrode active
material comprises at least one of Si or SiO,, wherein
O<x<2.
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